Best  Available 

Copy 

for  all  Pictures 


'N 

AD-A011  925 

EXCIMER  LASERS 

A . J . Palmer 

Hughes  Research  Laboratories 

J 

Prepared  for: 

Defense  Advanced  Research  Projects  Agency 
Office  of  Naval  Research 


June  1975 


DISTRIBUTED  BY: 


National  Technical  Information  Service 
U.  S.  DEPARTMENT  OF  COMMERCE 


ADA011925 


• 'JSCIv. 


li 

EXCIMER  LASERS 


A.  J.  PALMER 


HUGHES  RESEARCH  LABORATORIES 

3011  MALIBU  CANYON  ROAD 
MALIBU.  CA  30265 


JUNE  1975 


CONTRACT  N00014 • 76  - C- 008 i 

SEMIANNUAL  TECHNICAL  REPORT 

FOR  PERIOD  1 OCTOBER  1974  THROUGH  31  MARCH  1975 


SPONSORED  BY 

DEFENSE  ADVANCED  RESEARCH  PROJECTS  AGENCY 

DARPA  ORDER  NO.  1807 


MONITORED  BY  ‘‘■it 

OFFICE  OF  NAVAL  RESEARCH  L. 


• v.i  Wl  A 

C Set  pVJjiiC  t«**a*H 
Ihi-mlied  S 


t,'prcduc<>d  by 

NATIONAL  TECHNICAL 
INFORMATION  SERVICE 

US  DepSf‘*»irnf  ol  Commerto 
Spnrgf.eld,  VA  22151 


DARPA  Order  No. 
Program  Code  No. 
Contractor 

Effective  Date  of  Contract 
Contract  Expiration  Date 
Amount  of  Contract 
Contract  No. 

Principal  Investigator 
Phone  No, 

Title  of  Work 


1807 

5E20 

Hughes  Research  Laboratories 
1 October  1974 
15  August  1975 
$99,  000.  00 
N00014-75-C-0081 
A.  Jay  Palmer 

(213)  456-6411,  extension  356 
Excimer  Lasers 


The  views  and  conclusions  contained  in  this  document  are  those  of  the 
authors  and  should  not  be  interpreted  as  necessarily  representing  the 
official  policies,  either  expressed  or  implied,  of  the  Defense  Advanced 
Research  Projects  Agency  or  the  U.  S.  Government. 


UNCLASSIFIED 

security  classification  or  this  race  <• »•»  n«  EMn>« 


REPORT  DOCUMENTATION  PAGE 

READ  INSTRUCTIONS 
BEFORE  COMPLETING  FORM 

1 REPORT  NUMBER  2 GOVT  ACCESSION  NO. 

: 

» RECIPIENT’S  CATALOG  NUMBER  j 

4.  TITLE  (and  Subtitle) 

EXCIMER  LASERS 

S TYPE  OE  REPORT  A PERIOD  COVERED 

Semiannual  lech.  Rpt. 

1 Oct  1974-31  March  1975 

6 PEREORMING  ORG  REPORT  NUMBER 

7 AU  T HOR(  bj 

A.  J.  Palmer 

8 CONTRACT  OR  grant  NUMBERS) 

N00014-75-C-0  <>1 

* PEREORMING  ORGANIZATION  NAME  AND  ADDRESS 

Hughes  Research  Laboratories 
3011  Malibu  Canyon  Road 
Malibu,  CA  90263 

to  PROGR  AM  Fl  EMI  N T PROJECT.  TASK 
AREA  A WOR*  UNiT  NUMBERS 

Arpa  Order  No.  1807 
Program  Code  No.  5E20 

11  CONTROLLING  OFFICE  NiMI  ANDAODRI 

Defense  Advanced  Research  Projects  Agenr 
Arlington,  VA  22209 

12  M r'ORT  D A t F 

y June  1975 

’ 1 NUMBF  R 0 T P A',F!J 

H 

14  MONITORING  AGENCY  NAMI  A AP~w|  .<  ,t  tr-  . -iff  TV*  Off. 

Office  of  Naval  Research 
800  N.  Quincy  Street 
Arlington,  VA  22217 

“ U U»»T  V . ASS  t this  fpp.iff; 

Unclassified 

•*'/!  rt  AS  •*,.  4TIOS  DOWNGRADING 

Dlli 

14  OlSTRlSuTlON  ST  ATEMEN*  • ! thi  he,  f 

D D C 

17  OlSTRlSuTlC’N  ST  ATEMENT  of  «hr  ahs’tH  r rn’rre  f -«  #*/  l . f I.  r.  ' -tr  n h.  t r' 

rps  r*  ■ r~  r~.  ' ' ' ~ " r r* 

’ 

pj  JUN  19  1975 

14  SUPPLEMENTARY  NOTES 

B - 

1§  KEY  WORDS  f Continue  nn  reverse  tide  it  nr  r «n  .in,/  idm*  f»  »•»  M a n.m-ber 

Excimer  Lasers,  Dimer  Lasers,  Alkali-Rare  Gas  Lasers, 
Continuum  Lasers 

20  ABSTRACT  (Conlln*.  on  raver  a#  rode  tt  necessary  and  identify  hv  bint  h number' 

The  general  goals  of  this  program  are  to  identify  the  required 
operating  conditions  for  achieving  practical  net  laser  gain  for  an 
alkali-rare  gas  laser  transition  for  optical  pumping,  avalanche  dis- 
charge pumping  and  ultraviolet-sustainer  discharge  pumping,  and  to 
demonstrate  net  laser  gain  in  the  laboratory  with  one  of  the  three 
pumping  techniques.  Substantial  progress  has  already  been  made 

DO  I JAR  TJ  1473  EDITION  or  I NOV  «S  IS  OBSOLETE 


UNCLASSIFIED 


SECUNITV  CLASSIflCATiON  Ol  THIS  PAGE  i P»»»n  Palm  Fnlrrrdl 


PRICES  SUBJECT  TO  (HANK 


I 


1 NCI  A SSI  1 ILD 

UCuH  T>  or  tmis  pA~f rf, 

tou  i i'(l  achu  ving  these  goals  and  by  the  end  of  the  current  program 
w‘  ‘‘nnopate  complete  realization  of  these  goals.  ' * 

A versatile  computer  code  which  contains  all  relevant  gas- 
man ' rt‘Sh,C‘S’  °PtlCal  PumP'ng  processes,  and  electronic  plasma 
p oecsses  has  been  developed  and  computes  small-signal  gain  and 

n olecul'011  COf  mlUr  VCrSUS  WavelonRth  due  to  both  alkali  - rare  gas 
moli  cult  s and  alkali  dimer  molecules,  the  code  is  currently  opera- 

ttonal  and  is  being  used  at  present  to  guide  the  discharge  and  optical 

pumping  experimental  studies  of  the  potassium -xenon  system.  1 he 

oner  !'  ^ Sai"  f°r  tMs  SyS,em  "nfler  re-dily  available 

opt  t at, ng  conditions  using  optical  pumping,  and  under  operating  condi 

“ " hlch  (dependi  np  on  discharge  su„i,t  U for 

discharge  pumping.  y 

Optical  absorption  measurements  on  the  K-Xe  system  have 

st\7e  k1v  T Cl1°arly  fhowing  ,h<1  contribution  from  both  ground 
Matt  K-Xe  molecules  and  K2  molecules,  with  a wavelength  profile  ,n 

m.™r:hri-  t i,,o<iic,<'d  ^ »»«. 

ng  loth  h 1SCharyC  fXl5e rime„t  have  also  been  carried  out  show- 
ing both  the  excimer  and  dimer  states  in  emission. 

. ( u r t'vntly,  attempts  are  being  made  to  both  measure  the  gain 
Chrec.iy  u»„,B  a CaAs  probe  laser  and  to  achieve  laser  oscilUUon  oil 
1C  f la  sn  lamp -pumped  K-Xe  system.  Preliminary  data  have  been 
obtained  with  the  probe  laser  technique  which  may  indicate  gain  but  are 
prCZcmSlV°  ^ PrCSCm  pC'Kline  elimination  o/a  fluctuation 


unclassified 

r,f  ^ jH  T , A',  If  r ATtCN  Of  This  mi 


f,*Gf  W'hen  p.ifn  1 ,|frr»'(/) 


TABLE  OF  CON  TENTS 


Section  Page 

I IN  TRODFC  TION 7 

II  THEORETICAL  PROGRAM 9 

A.  Optical  Pumping 10 

B.  Discharge  Pumping 14 

HI  EXPERIMENTAL  PROGRAM 25 

A.  Discharge  Experiments  2 5 

B.  Flashlamp  Pumping  Experiments 3 3 

IV  FUTURE  PROGRAM  PLAN 41 

A.  Theoretical  Modeling 41 

B.  Experimental  Program 41 

C.  Alkali  Source  Studies 41 

REFERENCES  43 


3 


MSI  OF  1 1, M'S  I NATIONS 


Figure 

Page 

II-  I 

Potassium-Xenon  Energy  Flow  Diagram  - 
Optical  Pumping  .... 

12 

II  - 2 

Potassium  - Xenon  1 heoretical,  Small-Signal 
Miser  Gain  — Optical  Pumping  . 

15 

II-  3 

Potassium-Xenon  Knergy  1-  low  Diagram  — 
Discharge  Pump'ine  . 

16 

II  -4 

Potass ium  - Xonon  I lumrot  leal,  Small-Signal 
I<as(*r  Gain  Self -Susl a ined  Discharge 

21 

II  - 5 

Potassium-Xenon  1 heoretical,  Small-Signal 
Laser  Gain  — l It  raviulet -Sustained  Discharge 

22 

III  - 1 

Lxperimt  ntal  Apparatus  — Flashlamp  Pumping  . 

26 

III -2 

Experimental  Apparatus  — Discharge  Pumping 

26 

III  - 3 

Potassium-Xenon  Absorption  Coefficient: 
Comparison  of  Measurements  to  Theoretical 
Model  (Low  Temperature  Results) 

27 

III  -4 

Potassium-Xenon  Absorption  Coefficient; 
Comparison  of  Measurements  to  I heoretical 
Model  (High  Temperature  Results) 

28 

III  - 5 

Present  Transverse  Discharge  Design 

29 

III -6 

Current  and  Exc  inter  Fluorescence  Waveforms 

30 

III -7 

Lxcimer  Emission  Spectral  Profiles 

32 

III-S 

Pot  a s s ium  - A r gon  Discharge  Fluorescence 
Comparison  of  Measurements  with 
Theoretical  Model  . . 

34 

III  - 9 

Current  Experimental  Anparatus 

35 

in- 10 

Photograph  of  Current  Apparatus  .... 

36 

III  - 1 1 

Probe  Laser  Gain  Measurement  Technique 

39 

111-12 

Flashlamp  Output  Measurements 

40 

Preceding  page  blank 


5 


I. 


INTRODUCTION 


I he  A to  X transition  on  the  diatomic  alkali  rare  gas  molecules 

(excimers)  and  the  diatomic  alkali  molecules  (dimers)  are  now  well 

recognized  as  a potentially  efficient,  high  average  power,  tunable  laser 

1 2 

transition.  ' At  a rare  gas  pressure  of  -10  atm  and  an  alkali  partial 
pressure  of  a fraction  of  a Torr,  both  the  excimer  and  dimer  transi- 
tions can  exhibit  practical  laser  gain  for  pumping  by  flashlamps,  dis- 
charges, or  electron  beams.  At  these  pressures  both  the  dimer 
transitions  (for  the  heavier  alkalies)  as  well  as  the  excimer  transitions 
are  continuum  transitions,  each  roughly  a thousand  angstroms  wide, 
and  lie  in  the  near  infrared  to  visible  portion  of  the  spectrum. 

I he  primary  goals  of  the  present  program  are  to  identify  spe- 
cific operating  conditions  for  achieving  laser  oscillation  on  the  dimer 
and  excimer  transitions  of  all  of  the  alkali  xenon  systems  and  to  dem- 
onstrate net  laser  gain  in  a laboratory  apparatus  from  at  least  one  of 
these  systems.  Ihese  goals  are  well  on  the  way  to  completion. 

A versatile  computer  code,  which  contains  all  relevant  gas- 
k netic  processes  and  plasma  processes,  has  been  developed  for  opti- 
cal pumping,  avalanche  discharge  pumping,  and  ultraviolet  sustainer 
discharge  pumping,  and  computes  small-signal  gain  and  absorption 
coefficients  versus  wavelength  due  to  both  alkali- rare  gas  molecules 
and  alkali  dimer  molecules.  The  code  is  currently  operational  and  is 
being  used  at  present  to  guide  the  discharge  and  optical  pumping  exper- 
imental studies  of  the  potas sium -xenon  (K-Xe)  system.  The  code  pre- 
dicts net  laser  gain  for  this  system  under  operating  conditions  being 
realized  in  the  laboratory  for  optical  pumping  and  under  operating 
conditions  which  may  be  available,  depending  on  discharge  stability, 
for  discharge  pumping. 

In  the  measurements  phase  of  the  program,  optical  absorption 
measurements  on  the  K-Xe  system  have  been  carried  out,  clearly 
showing  the  contribution  from  both  ground  state  K-Xe  molecules  and 
K^  molecules,  with  a wavelength  profile  in  agreement  with  that 
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predicted  by  the  model.  Fluorescence  measurements  on  the  discharge 
experiment  have  also  been  carried  out  showing  both  the  excimer  and 
dimer  states  in  emission.  Fxperiments  are  currently  under  way  to 
measure  the  pain  on  the  K-Xe  excimer  band  directly  throuph  the  use  of 

O 

a GaAs  8215  A probe  laser.  A review  of  the  experimental  program 
will  be  presented  in  Section  III. 

The  anticipattd  work  plan  for  the  remainder  of  the  current  pro- 
pram  will  be  discussed  in  Section  IV. 
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II. 


THEORETICAL  PROGRAM 


The  first  step  in  the  Mieoretical  program  is  to  calculate,  from 
the  shape  of  the  potential  energy  curves,  the  stimulated  emission  and 
absorption  coefficients  as  a function  of  wavelength  for  the  excimer  and 
dimer  transitions  involved.  Except  for  lithium,  the  wavelength  range 
of  all  of  the  alkali  dimer  A-X  transitions  will  overlap  that  of  the  associ- 
ated alkali-rare  gas  excimer  transition.  It  is  essential,  therefore, 
that  the  dimer  transition  be  included  in  the  calculation  of  the  net 
absorption,  especially  since  the  dimer  concentration  will  increase 
more  rapidly  with  an  increase  in  alkali  concentration  than  will  the 
excimer  molecules,  thereby  eventually  dominating  the  absorption. 

The  alkali-dimer  transition  can  also  have  a net  gain,  so  the  dimer 
stimulated  emission  coefficient  is  computed  as  well. 

The  stimulated  emission  and  absorption  coefficients  are  com- 
puted  using  t He  quasi-static  theory  of  line  broadening.  This  theory 
assumes  that  individual  vibrational  transitions  have  been  broadened 
into  a continuum  and  that  the  molecular  electronic  state  is  populated 
through  a continuum  of  internuclear  separations  according  to  a classi- 
cal canonical  energy  distribution.  The  stimulated  emission  and 
absorption  coefficient,  for  the  A to  X transition,  can  then  be  written  as 
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Ik're,  [A]  and  [X]  arc  the  molecular  A state  and  X state  concentrations, 

and  Ux.  fifA»  fifx  are  the  degeneracy  factors  for  the  A and  X states 

and  their  parent  atomic  states,  respectively.  A(v)  is  the  Einstein  A 

coefficient  for  the  transition  (possibly  dependent  on  internuclear  sepa- 

1 at  ion),  R is  the  internuclear  separation,  v is  the  frequency  of  the 

transition,  \^iR)  ancl  V^(R)  are  the  potential  energies  of  the  A state 

and  X state  measured  relative  to  their  parent  atomic  states,  K and 

A 

Kx  ai'<'  equilibrium  constants  for  the  A and  X states,  T is  the  pas 
temperature,  and  c is  the  speed  of  lipht, 

Xote  that  these  expressions  do  not  necessarily  assume  thermal 
equilibrium  to  be  present  between  molecular  states  and  their  parent 
atomic  states.  A full  rate  equation  analysis  is  employed  to  calculate 
the  A state  and  the  parent  atomic  state  concentrations.  Such  calcula- 
tions have  been  performed  for  optical  pumpinp,  discharpe  pumpinp,  and 
ultraviolet  sustainer  discharpe  pumpinp  and  are  described  in  detail 
below. 

A.  Optical  Pumpinp 

Ihe  optical  pumpinp  concept  employed  in  the  current  study 
involves  the  use  of  a broad  band  source,  such  as  a xenon  flashlamp,  to 
pump  into  the  absorption  bands  of  the  excimer  and  dimer  transitions 
themselves.  Thus  the  primary  pumping  rate,  R,  is  computed  by  sim- 
ply intep rat inp  over  the  transition  bandwidth,  the  product  of  incident 
flashlamp  spectral  flux  times  the  net  absorption  coefficient  (including 
stimulated  emission)  times  a factor  which  accounts  for  the  penetration 
depth  of  the  flashlamp  flux  into  the  mixture. 

RE,D  = /<t,(w)pE,  D(v)  exp  HPE(W)  + ^D(v)^Xldw  * (3) 

where  <t>(v)  is  the  pump  spectral  intensity  in  photons  per  square  cen- 
timeter per  frequency  interval,  0E  D is  the  absorption  coefficient  for 
the  excimer  or  dimer,  and  x is  the  propagation  distance  of  the  pump 
radiation  into  the  mixture.  This  pumping  rate  for  both  dimers  and 
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excLmers  are  then  entered  into  three  coupled  rate  equations  governing 
the  population  of  the  excimer  upper  laser  level,  the  dimer  upper  laser 
level,  and  the  alkali  resonance  level.  The  ground  state  species  are 
assumed  to  remain  in  thermal  equilibrium  with  one  another  and  the 
alkali  vapor  pressure  is  assumed  in  equilibrium  with  its  condensate  at 
the  gas  temperature. 

1 he  following  formation  and  destruction  processes  for  the 
excited  states  are  included  in  the  rate  equation  analysis  (using  nomen- 
clature for  the  K-Xe  system): 

Excimer  dissociation  and  association: 

K + Xe  + Xo  Si  KXe  Xe  . (4) 

Dimer  dissociation  and  association: 


K + K + Xe  S2  K + Xe 


(5) 


Exc  imer-dimer  exchange  reactions: 


KXe  + K 2 K,  + Xe  . 


(6) 


Radiative  decay: 

KXe  ",K2  ,K  - KXe,  K2,  K + he  , 


(7) 


where  the  K decay  is  governed  by  radiation  trapping.  An  energy  flow 
diagram  showing  the  potassium  excimer  and  dimer  potential  energy 
curves  is  presented  in  Fig.  II- 1.  The  excimer  potential  curves  are 
obtained  from  Ref.  4 and  the  dimer  curves  are  from  Ref.  2. 


1 1 
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Fig.  II- 1.  Potassium-xenon  energy  flow  diagram  — optical  pumping. 
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rI  he  rate  equations  for  these  reactions  are  written  as  follows: 
Excimer  level  rate  equation: 


,1,  [KXo  ] ItE  + Iass(E)lK  ] + f'cx(K2  ] 

-(I'c'  + ,diSS(E)  + A+SE>(KXc  1 = 0 • <8» 

Dimer  level  rate  equation: 

£lK2  1 = Rn  + uf11  'WfKX<!  1 

- ";-x+  rdi.s(D)+A  + SD)tK2  :‘l  = 0 • W 

Resonance  level  rate  equation; 

aUK  1 * Rliss(E/KXc  D ♦ rdu,(D|tK2*l 

-<ra..(Ep  >'aSS(D)  + Atr>tK’'>  ' 0 • <10» 

where  P and  1’.  are  the  association  and  dissociation  rates  for 
ass  dis  s 

reactions  (4)(E)  and  (5)(D),  I’  and  r 1 are  the  forward  and  backward 

ox  O X 

excimer-dimer  exchange  reaction  rates  for  reaction  (6),  A is  the 
excimer  and  dimer  level  radiative  rate,  A^  is  tire  trapped  radiative 
rate  for  the  resonance  level,  and  and  SD  are  stimulated  A to  X 
transition  rates  induced  by  the  pump  field.  The  transition  rates  S„  and 
are  given  by  expressions  analogous  to  tq.  (3): 


S 


E,  D 


gE  d(v)/[A1)  exp[-P£(v)  + PD(v)x]dr  . 
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The  forward  and  backward  rates  for  reactions  (3)  through  (5)  arc; 
related  by  detailed  balancing  and  Saha's  equation; 


* a s s , E , D ^ ^ d i ss , E , D 


E,  D 


r 

ex 


'/r 


ex 


K A 

fXol  AE 

HO  ' kad  ' 


The  values  for  the  association  rate  is  obtained  from  the  literature  or 
through  scaling  arguments  applied  to  measured  rates  for  other  systems 
following  Ref.  (2). 

Table  II- 1 lists  the  numerical  values  of  the  rates  used  in 
eqs.  (8)  through  (10)  for  the  K-Xe  system. 

A computer  code  has  been  set  up  which  solves  eqs.  (1),  (2), 
and  the  rate  equations  and  calculates  absorption  and  net  gain  for  input 
values  of  gas  temperature,  xenon  concentrations,  and  incident  flash- 
lamp  flux.  Sample  results  for  the  K-Xe  system  with  a flashlamp  flux 
chosen  to  be  consistent  with  measured  xenon  flashlamp  outputs  are 
shown  in  Fig.  II - 2 . One  can  see  that  practical  laser  gain  is  predicted 
from  both  the  excimer  and  dimer  at  temperatures  and  pressures 
readily  achievable  in  a laboratory  experiment.  Note  that  at  the  higher 
temperature  the  gain  shifts  to  the  dimer  band  as  anticipated. 

B.  Discharge  Pumping 

A computer  model  analogous  to  that  for  optical  pumping  has 
also  been  developed  for  discharge  pumping.  The  laser  kinetics  mod- 
eling is  the  same  as  before,  except  that  excitation  and  de -excitation  of 
the  electronic  states  occur  via  inelastic  and  superelastic  electron  col- 
lisions, as  illustrated  in  Fig.  II-3.  In  this  case,  under  typical  operat- 
ing conditions  most  of  the  pumping  occurs  through  the  excitation  of  the 
atomic  resonance  level. 
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1 ig*  II_2,  Potassium -xenon  theoretical,  small- signal  laser 
gain  optical  pumping. 
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Fig.  11-3.  Potassium-xenon  energy  flow  diagram  - discharge  pumping 
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I' able  II- 1 


RATE  CONS  TAN  IS  l SED  IN  OP  1 ICAL 
PI  MPING  MODEL 


Rate 

Numerical  Value 

R efe  re nee 

A 

3 . 6 9 x I 0 1 s e c 

6 

ka 

, , in-23  /0.  0 7 4 \ 3 

2.2x10  exp  [ — : — j cm 

2 

K 

\ K / 

K . 

An 

/ o ,A-21  /0. 496\  3 

6.  9 x 10  exp  | -—Jem 

2 

a s s 

L 

8.  2 x 10'32  x fXi  j2  sec'1 

2 

‘aSSD 

8 . 0 x 10  3 ^ x f Xe  j x [ K ] s e c 1 

2 

1'  ' 
ex 

1x10  1 <3  x f K]  sec  1 

Estimate 

T1665 


A plasma  model  is  also  incorporated  into  the  computer  code 
which  computes  the  electron  density  and  electron  temperature  to  be 
used  in  the  kinetics  model. 

An  outli:  e of  the  plasma  model  in  its  current  state  is  presented 
below  (again  using  the  notation  for  the  K-Xe  system). 

1 . Electron  Energy  Distribution 

A maxwellian  energy  distribution  for  the  electrons  is 
assumed.  This  assumption  is  not  expected  to  lead  to  serious  error 
since  most  of  the  excitation  processes  of  concern  to  us  will  involve 
electrons  with  near  average  energy  rather  than  those  on  the  tail  of  the 
distribution  where  large  departures  from  maxwellian  population  can 
occur. 
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Elec  t ron  Temperature 


Electrons  are  assumed  to  gain  energy  from  the  field  and 
lose  energy  in  steady  state  through  elastic  collisions  with  the  rare  gas 
and  inelastic  collisions  with  the  alkali.  The  latter  is  assumed  to  be 
dominated  by  excitation  of  the  resonance  line  and  by  ionization.  I nder 
this  condition,  energy  conservation  reads 


d/dt(3/2fe']'Ie 


■[“'hr  x - (raj;)™ 


' lfK]  l(  f(c  )v(<  ),r  ,,  r c . . f(c)v(£)<r.  . ,, 

L " ' res  ics,  h loniz  loniz,  K 


0 . 


(ID 


where  f(i)  is  the  maxwe Ilian  energy  distribution  and  the  bar  indicates 
the  appropriate  integral  ion  over  electron  energy.  For  computations, 
we  will,  as  a first  approximation,  setD 

3/2 

^1°)  exp  |-<0/Tc)  (l  +f£) 


f(Ov(<  ) cr ( c 


6 ■ 10 

(e/n-M/TT 


Cl  <T 

dc 


where  is  the  threshold  energy  for  the  excitation  or  ionization  pro- 
cess. Here, 

] indicates  species  concentration 


m is  the  electron  mass 
e 


v . . is  the  electron  velocity  = ( 2 e /m  ) 
e(<)  e 


1 /2 


(r(  £ is  the  elastic  collision  cross  section  of  electrons 
with  the  xenon  at  an  energy  = Te 

(2m  L ) is  the  fractional  energy  loss  per  elastic 
C C collision 
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Subscripts  "res"  and  "ioniz"  refer  to  the  resonance  and 

ionization  level  of  the 
potass  ium 


The  drift  velocity. 


1 /2/m  \1/2 

'.I  = (if) 

e is  the  electron  charge 
X is  the  electric  field  in  the  plasma, 

2.  Elect  ron  Production 

Electrons  are  produced  through  photoionization  of  the 
alkali  by  an  external  uv  flux  and  by  electron  collisional  ionization  of 
the  alkali  and  the  rare  gas.  (In  the  uv  sustainer  mode  photoionization 
will,  of  course,  dominate.  ) Electrons  are  assumed  to  be  lost  through 
dissociative  recombination.  The  steady  state-rate  equation  for  the 
electron  density  then  reads 


cl/,lt[o-]  = [K|*uv.pl 


e e ioniz 


+ fe  lrXelf  v a, 

e e i 


ioniz,  Xe 


-a[e~f  = 0 , 


(12) 


where  <t>uv  is  the  effective  ionizing  photon  flux,  a is  an  average  disso- 
ciative recombination  coefficient,  and  is  the  photoionization  cross 
section  of  the  potassium. 

3.  Gas  Temperature 

Gas  heating  is  primarily  due  to  joule  heating  and  occurs 
on  a tune  scale  that  is  short  compared  with  that  for  thermal  conduction. 
Iherefore,  the  time-dependent  energy  equation  is  used  with  the  specific 
heat  due  to  the  high  pressure  rare  gas  component: 


d /dt(3/2[R.  G.  ]Tg)  = j • E . (13) 
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For  computations  we  approximate  j • E and  [R . G.  ] as  constant  and 

\\  rite; 


1 p I o + -il  1 — (14) 

3/  2fR.  G.  ] 

whe  re  Io  is  the  oven  temperature  required  for  producing  a specified 
equilibrium  alkali  vapor  pressure. 

1 able  II-  2 lists  ft  me  of  the  estimated  values  of  the  constants 
ust  cl  in  the  plasma  model.  Clearly,  the  discharge  pumping  model  is 
more  approximate  at  its  present  state  of  development  than  is  the  opti- 
cal pumping  model  because  of  tin:  a priori  use  of  Maxwellian  energy 
distributions,  truncated  expressions  for  the  electron  collisional  exci- 
tation and  ionization  rates,  and  uncc  rtainties  in  the  values  of  the  elec- 
tron collision  cross  sections.  The-  model  is  expected  to  yield  results 
correct  to  within  an  ordc  r of  magnitude. 

Examples  of  results  for  a self-sustained  a.nd  uv-sustained  dis- 
charge through  K-Xe  are  shown  in  Figs.  II-4  and  II - 5 , respectively. 

I he  tetms  self- sustained  and  uv-sustained  used  here  refer  to  situations 
where  electron  production  in  the  plasma  is  dominated  by  electron  col- 
lisional ionization  or  by  uv  photoionization,  respectively.  Whether  or 
not  a sustained  discharge  current  can  be  made  to  flow  under  these  con- 
ditions will  depend  on  whether  the  current  density  is  high  enough  to 
sustain  electron  emission  into  the  discharge  from  the  cathode.  This 
current  density  threshold  has  not  yet  been  determined.  The  results  do 
illustrate,  however,  that  practical  laser  gains  on  both  the  excimer  and 
dimer  bands  in  K-Xe  c<m  be  achieved  in  either  the  uv  or  collisional 
ionization  mode  at  a discharge  power  density  far  below  the  power  df  n- 
fities  which  are  now  routinely  used  to  excite  atmospheric  pressure 
COz  laser  mixtures  using  preionization  condi'ioning  of  the  discharge. 

I he  situation  appears  even  more  hopeful  from  the  point  of  view  cf  dis- 
charge stability  since  those  mechanisms  which  are  now  believed  to  be 
most  responsible  for  the  glow-to-arc  transition  in  the  CO^  laser 
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Tg(»  = 0)  --  250°C  [K]  = 7 8x10' 


8000  8500  9000  9500  10,000  10,500  11,000 

WAVELENGTH,  8 


Fig.  II- 4.  Potassium-xenon  theoretical,  small-signal  laser  gain  — 
self- sustained  discharge. 
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RATE  CONSTANTS  I’SED  IN  PLASMA  MODEL 


Cross  Sectional  Rate  Constant 

Estimated  Value 

°e  1 

o i n’  ^ 2 

3x10  cm 

CT  . . 

res,  K 

i 2 

1 x 10  cm 

a , . 

loniz,  K 

3 x 10'16  cm2 

“pi,  k 

1 x 10’19  cm2 

a 

3x10  ^ cm2  sec  ” ^ 

discharges  (thermal  deposition  and  attachment)  will  be  present  to  a 
much  lesser  degree  in  an  alkali- rare  gas  plasma.  Other  mechanisms 
peculiar  to  an  alkali-rare  gas  mixture  such  as  local  cataphoresis 
effects  may  cause  problems,  however.  This  important  aspect  of  the 
problem  still  needs  careful  study. 

Also  illustrated  in  the  discharge  results  is  the  effect  of  dis- 
charge heating  on  laser  kinetics.  In  the  examples  shown,  the  gain 
falls  to  less  than  half  its  initial  value  in  times  on  the  order  of  3 msec 
due  to  gas  heating.  Thus,  gas  heating  must  be  carefully  controlled  if 
cw  or  high  pulse  repetition  rate  operation  is  to  be  attempted. 


III. 


EXPERIMENTAL  PROGRAM 


Experimental  studies  of  both  a flashlamp  pumped  K-Xe  system 
and,  to  a lesser  decree,  discharge  pumped  Cs-Ar  and  K-Ar  systems 
have  been  carried  out  under  the  current  program.  The  optically 
pumped  experiments  are,  at  present,  being  given  highest  priority  in 
the  attempt  to  demonstrate  laser  gain. 

A versatile  experimental  apparatus  employing  a heated  pres- 
sure vessel  which  is  large  enough  to  accommodate  either  the  flashlamp 
pumped  tube  or  a transverse  discharge  tube  was  used  in  the  early 
phase  of  the  program  and  is  shown  in  Figs.  Ill- 1 and  III- Z,  respectively. 
The  re-entrant  Brewster  windows  allow  the  vessel  to  be  pressurized  to 
several  atmospheres. 

Absorption  coefficient  measurements  were  initially  made  on 
both  systems  in  order  to  verify  the  quasi- static  model  used  in  the  com- 
puter calculations.  A comparison,  showing  good  agreement,  between 
the  measurements  and  the  results  of  the  theoretical  model  is  shown  in 
Figs.  Ill- 3 and  III-4,  Note  the  important  contribution  from  the  dimers, 
especially  at  the  higher  temperatures. 

A.  Discharge  Experiments 

One  of  the  first  electrode  configurations  chosen  for  the  initial 
discharge  studies  is  shown  in  .frig.  Ill- 5.  This  device  employs  uv  pre- 
ionization of  the  discharge  gap  by  a running  spark  discharge  positioned 
below  the  anode  screen  as  shown. 

The  first  defin’tive  observation  of  di scha rge- pumped  excimer 
fluorescence  was  obtained  with  this  device  at  a discharge  current  of 
~3  A flowing  through  a Cs-Ar  mixture  at  -5  atm  and  250°C.  The  wave- 
forms of  the  preionizer  spark  current,  the  sustainer  current,  ard  the 

O 

9000  A Cs-Ar  excimer  emission  from  the  discharge  are  shown  in 
Fig.  III-6.  (The  lower  trace  for  the  sustainer  current  and  photomulti- 
plier signal  are  for  zero  sustainer  voltage.  ) The  spectrog  raphic 
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Fig.  Ill- 2.  Old  experimental  apparatus  — discharge  pumping. 


ABSORBTION  COEF.  x 10"^  cm 


fig.  IU- 3 . Pota s sium- xenon  absorption  coefficient:  comparison  of 
measi  cements  with  theoretical  model  (low  temperature 
results). 
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Flg*  HI" 4-  Potassium-xenon  absorption  coefficient:  comparison  of 

measurements  with  theoretical  model  (high  temperature 
results).  r 


iig.  HI- 5.  Present  transverse  discharge  design. 
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SUSTAINER  CURRENT:  2 amp/cm 
(SUSTAINER  FIELD  = 0 and  600  v/ cm) 
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Fig.  III-6.  Current  and  excimcr  fluorescence  waveforms. 
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profile  of  the  emission  was  recorded  on  infrared- sensitive  film  and  is 

shown  in  Fig.  Ill- 7.  The  continuum  bands  resulting  from  the  A^tt,,  to 

r2  2 2 i 1 
X i 1 1 1 anc^  -A  tt  j j ^ to  X transitions  are  clearly  visible  as  the  red 

wings  of  the  self- reve r sed  8521  A and  8(M4  A Csl  resonance  lines. 

Photographs  of  the  transverse  profile  of  the  discharge  viewed 
from  one  of  the  end  windows  of  the  pressure  vessel  gave  the  appear- 
ance of  a diffuse  discharge.  Assuming  that  this  was  the  cas<*,  an 

2 2 

estimate  of  the  laser  gain  present  on  the  A nr ^ to  X ^ transition 
was  made  through  a measurement  of  the  spectral  intensity  of  the 
fluorescence: 


\ 


Gain  = —z — P (for  large  inversions) 
A <-  _ \ 

4 nr  c 


P^  = 2.  1 0 ^ watts /(cm  A) 

Gain  = 3 per  meter. 

This  result  was  encouraging  except  for  an  increasing  doubt  as 
to  whether  the  discharge  was  truly  uniform  throughout  the  length  of  the 
electrode  gap.  The  photographs  taken  of  the  discharge  inevitably 
defocus  any  longitudinal  inhomogeneities.  Also,  reliable  operation  of 
the  running  spark  along  its  entire  length  became  very  difficult  as 
cesium  was  evolved  into  the  mixture  due  to  an  arc  shunting  of  the 
sparks  to  the  screen.  Thus  it  was  doubtful  that  the  main  discharge  gap 
was  being  illuminated  and  preionized  uniformly  along  its  entire  length. 

A new'  discharge  tube  was  then  constructed  which  employed  the 
trigger  wire  double  discharge  technique  to  preionize  the  discharge. 

This  is  the  discharge  configuration  shown  in  Fig.  Ill- 2.  Here,  again, 
it  was  not  possible  to  reliably  evaluate  the  spatial  profile  of  the  dis- 
charge because  of  the  inability  to  view  along  the  longitudinal  dimension. 
It  was  doubtful  that  a uniform  discharge  was  ever  established  under  the 
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Fig.  I II - 7 . Excimer  emission  spectral  profiles. 


32 


S to  10  atm  total  pressure  condition  required  for  achieving  a practical 

laser  gain.  It  was  possible,  however,  to  establish  a cw  glow  discharge 

17  -3 

through  a K-Ar  mixture  at  an  argon  concentration  of  ~4  x 10  cm  at 
350°C.  The  familiar  deep  red  glow  of  the  positive  column  and  bluish 
emission  of  the  negative  glow  adjacent  to  the  cathode  was  readily 
observed  under  these  conditions  and  the  spectral  profile  of  both  the 
excimer  and  dimer  bands  was  recorded.  The  relative  profile  of  the 
observed  emission  was  compared  with  the  modeling  results  and 
showed  excellent  agreement,  as  shown  in  Fig.  111-8. 

At  this  point  in  the  program  it  was  decided  to  work  exclusively 
with  the  flashlamp  pumping  technique  for  the  remainder  of  the  current 
program  as  the  most  expedient  means  to  demonstrate  gain.  1 here  can 
be  no  doubt  that  flashlamp  pumping  is  uniform  throughout  the  length  of 
the  mixture  and  the  theoretical  modeling  for  flashlamp  pumping,  which 
is  far  more  accurate  than  the  discharge  modeling,  predicts  a large 
laser  gain  under  easily  attainable  laboratory  conditions. 


B.  Flashlamp  Pumping  Experiments 

The  initial  flashlamp  pumping  experiments  began  with  the  use 
of  the  same  pressure  vessel  that  was  used  for  the  discharge  experi- 
ments. The  principal  difficulty  with  this  configuration  was  ' ith  the 
high  voltage  connection  to  the  flashlamp  which  was  within  the  heated 
region  and,  even  more  problematic,  was  immersed  in  a xenon  gas 
environment  which  has  a low  breakdown  threshold  even  at  the  high 
pressures  used.  The  insulation  provided  for  the  connection  would 
inevitably  deteriorate  at  the  high  temperatures  and  arcing  would  occur 
from  the  connection  to  the  pressure  vessel  causing  breakage  of  both  the 
tube  and  the  flashlamp. 

To  remedy  this  problem  and  to  generally  upgrade  and  simplify 
the  apparatus  for  flashlamp  pumping,  a new  configuration  was  designed 
and  fabricated  which  illuminates  the  need  for  the  pressure  vessel.  The 
new  configuration  is  illustrated  schematically  in  Fig.  Ill- 9 and  photo- 
graphically in  Fig.  Ill- 10  This  heavy  wall  Pyrex  laser  tube  has 


Fig.  Ill- 8.  Potassium-argon  discharge  fluorescence 

comparison  of  measurements  with  theoretical 
model. 
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Fig,  III  - 9 . Current  experimental  apparatus. 
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operated  reliably  at  total  pressures  of  up  to  20  atm  and  temperatures 
of  up  to  350°C  without  serious  physical  deterioration.  The  quartz 
Brewster  windows  are  fused  onto  quartz  stems  which  in  turn  are  fused 
with  graded  seals  onto  the  re-entrant  Pyrex.  Thus  the  tube  is  free  of 
any  adhesive  which  would  degrade  at  the  high  temperatures  employed  in 
the  experiments.  The  arcing  problem  is  eliminated  since  the  flash- 
lamps  are  now  in  air  and  no  longer  in  close  proximity  with  a pressure 
ve  s s e 1 . 

As  indicated  by  Fig.  Ill- 9 this  apparatus  is  being  used  both  in 
attempts  at  achieving  laser  oscillation  and  for  carrying  out  direct 
measurements  of  the  laser  gain  through  the  use  of  a Ga-As  probe 
laser.  The  system  currently  being  studied  is  the  K-Xe  system. 
Fluorescence  measurements  are  not  possible  with  flashlamp  pumping 
in  the  current  setup  due  to  the  flooding  of  the  monochrometer  with 
flashlamp  radiation  in  the  fluorescence  bands  which  is  scattered  down 
the  axis  of  the  laser  tube. 

With  the  ability  to  view  the  longitudinal  profile  of  the  laser  mix- 
ture in  the  new  configuration,  an  important  observation  was  made  pos- 
sible. As  the  tube  walls  are  being  heated,  a potassium  aerosol  cloud 
is  observed  to  be  evolved  into  the  mixture.  After  one  to  two  hours 
after  reaching  a steady  wall  temperature,  most  of  the  aersol  cloud  has 
dispersed  but  some  aersol  always  remains  as  evidenced  by  the  forward 
scattering  of  a He-Ne  laser  beam  passing  through  the  mixture. 

One  attempt  at  achieving  oscillation  with  one  meter  focal  length 
mirrors  coated  for  99.  9%  reflection  at  7600  to  8500  A has  been  made 
on  the  current  system  with  negative  results.  The  scattering  loss  caused 
by  residual  aersol  present  in  the  mixture  during  this  attempt  is 
regarded  as  a probable  cause  for  the  failure  of  oscillation. 

The  aersol  problem  should  be  curable  by  various  heating  tech- 
niques which  ensure  that  the  xenon  gas  is  maintained  at  a slightly 
higher  temperature  than  the  alkali  metal.  For  the  present,  however, 
we  have  undertaken  measurements  of  gain  which  can  be  carried  out 
independent  of  the  presence  of  cavity  losses  such  as  aersols,  window 
contamination,  etc. 
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A 100  nsec  Ga-As  laser  pulse  is  fired  down  the  axis  of  the  laser 
tube  at  a time  corresponding  to  the  peak  of  the  flashlamp  pumping,  as 
in  Fig.  Ill- 1 1 , and  again  at  a time  outside  the  flashlamp  pulse.  The 
relative  amplitude  of  these  two  Ga-As  laser  pulses  as  seen  by  t^e  pho- 
tomultiplier in  Fig.  Ill  - 9 is  then  a direct  measure  of  the  gain.  The 

O 

GaAs  laser  in  use  at  present  is  at  8215  A.  Thus  it  probes  a region  of 
the  K-Xe  excimer  band  which  should  exhibit  about  a 50"o  gain  in  ptiss- 
ing  through  the  80  cm  tube  length  (for  the  flashlamp  flux  assumed  for 

O 

the  modeling  results  presented  in  Fig.  II- 2.  The  wavelength  8215  A 
lies  outside  the  wavelength  region  for  net  gain,  but  this  is  immaterial 
for  these  measurements  as  long  as  the  probe  laser  can  penetrate 
through  the  length  of  the  mixture. 

In  taking  probe  laser  gain  measurements  through  a 10  atm 
Xe-K  mixture,  it  is  important  to  monitor  the  possible  refractive  dis- 
turbance on  the  propagation  of  the  probe  beam  due  to  thermal  deposi- 
tion into  the  mixture  from  the  flashlamps.  This  is  being  done  through 
the  study  of  the  propagation  of  a cw  lle-Ne  laser  beam  through  mixture 
during  and  subsequent  to  the  flashlamp  pulse.  Acoustic  disturbances 
on  the  beam  propagation  have  been  observed  but  the  amplitude  of  these 
disturbances  are  only  on  the  order  of  one  percent  and  therefore  should 
not  interfere  with  the  gain  measurements.  Also,  a calibrated  photodi- 
ode and  a scanning  multichannel  spectrum  analyzer  have  been  used  to 
obtain  absolute  measurements  ol  the  flashlamp  spectral  output  power 
confirming  that  the  flashlamp  flux  at  the  axis  of  the  laser  tube  can  be 
made  at  least  as  high  as  the  flux  value  assumed  in  the  modeling  calcu- 
lations (Fig.  Ill- 12). 

The  probe  laser  gain  measurements  are  currently  under  way 
and  data  are  presently  being  obtained  which  may  indicate  gain  but  are 
inconclusive  at  present  pending  a statistical  analysis  or  a reduction  of 
shot-to-shot  fluctuations  of  the  probe  laser  throughput  to  the  photo- 
multiplier caused  by  vibrations  and  convection  currents  in  the  high 
density  gas. 
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IV. 


FUTURE  PROGRAM  PLAN 


I 


A.  Theoretical  Modeling 

By  the  end  of  the  current  program  modeling  predictions  of  the 
small  signal  gain  versus  wavelength  and  experimental  parameters  for 
all  of  the  alkali-xenon  A-X  excimer  and  dimer  transition  will  be  com- 
pleted for  pumping  by  flashlamps,  avalanche  discharge,  and  uv  sus- 
tainer  discharge.  Results  will  be  presented  in  the  form  of  Figs.  II - 2 
through  II-5,  together  with  flow  diagrams  and  listings  of  the  computer 
codes. 

B.  Experimental  Program 

By  the  end  of  the  current  program  the  results  of  the  probe 
laser  gain  measurements  will  be  presented  for  at  least  two  wavelengths 
within  the  K-Xe  excimer  band  as  a function  of  experimental  parameters. 
Using  the  gain  measurements  as  a guide,  further  attempts  at  oscilla- 
tion within  the  excimer  and  dimer  band  of  K-Xe  will  be  carried  out. 
Further  measurements  of  the  gain  will  then  be  made  through  the  use  of 
variable  attenuators  within  the  laser  cavity. 

C.  Alkali  Source  Studies 

By  the  end  of  the  present  program  a survey  will  have  been 
completed  of  alternative  alkali  vapor  sources  with  the  objective  of 
identifying  the  most  practical  and  efficient  technique  for  evolving  alkali 
vapors  into  a high  pressure  rare  gas  environment. 
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